Abstract-This paper is the third in a series of articles on the basic physics of nonproportionality in scintillators. Here, we focus on the temperature dependence of six scintillators, NaI(Tl), CsI(Tl), CsI(Na), , , and undoped , and report their nonproportionality curves at , and . We fit the data to a modified form of our previously employed model, including the competition of carrier trapping with the Onsager-mediated attraction between electrons and holes.
I. INTRODUCTION
T EMPERATURE dependence of light yield nonproportionality can provide new insights into the mechanism of nonproportionality in scintillators, and its impact on resolution. Our experimental measurements are performed on a second generation instrument based on one originally developed by Valentine and coworkers [1] , referred to as the Compton Coincidence Technique (CCT). The present instrument is called SLYNCI, the acronym for Scintillator Light Yield Nonproportionality Characterization Instrument [2] . The principle of operation involves the measurement of coincidence between scintillation events in the test material along with a Compton scattered gamma ray in Germanium detectors, where the energy of the deposited electron is simply the difference between the scattered and incident gamma photons (usually generated by a source). More recently, additional instruments that measure nonproportionality have been demonstrated, such as that by Moszynski and co-workers [3] and by Dorenbos and co-workers [4] .
The physics of inorganic scintillator nonproportionality has been a pressing issue in the scientific literature of radiation detectors for many years [5] - [9] , as this phenomenon generally limits the achievable energy resolution, with the original work being performed on NaI(Tl) [10] , [11] . Recent work includes the descriptions of hot carrier transport [12] , electron-hole recombination with Coulomb effects on the scale of the track width [13] , cascade dynamics and efficiencies [14] , Monte Carlo treatments of carrier migration [15] , [16] , and activator properties [17] . These papers and others will be discussed in the context of the results reported herein in Section IV. Here, we examine the impact of temperature on the light yield nonproportionality curves (i.e. the light yield plotted as a function of the electron energy), since we might expect any changes to provide clues regarding mechanisms that are thermally activated, such as carrier trapping/de-trapping and hopping transport in the host medium. In Section II, we summarize our model of nonproportionality and new aspects of our experimental setup. In Section III we present our Results and fit them to the model of Section II. Sections IV and V contain the Discussion and Conclusions.
II. THEORY AND EXPERIMENT
Our basic approach for modelling the nonproportionality of the scintillator light yield is summarized briefly below, as it has been described in our previous publications [18] , [19] . Taking the efficiency of carrier capture by an activator (leading to luminescence) as , we need to follow the electron from the initial energy of to the final ionization energy, I, in order to properly model the data: (1) where Eq. (1) may be regarded as an average along the electron's trajectory, T. In our previous papers, we described as the result from the interplay of three processes:
• Creation of a certain fraction of free electrons and holes during the cascade, , which are capable of interacting to possibly form excitons or excited activator states; • Onsager recombination efficiency, whereby the electrons and holes are attracted to each other leading to increased light yield given as: -, where is the conventional Bethe-Bloch stopping power and is our Onsager stopping parameter; and • Birks annihilation, where exciton-exciton annihilation is considered to reduce the light yield as: -.
The resulting capture fraction is then given as: whereis the fraction of excitons "born" during the cascade and is an arbitrary scaling factor. However, in the present work we discovered that, especially for temperatures below ambient, the fits are quite poor. Although we were able to set the value of MeV/cm for all measured scintillators and broadly achieve good fits in our previous work [19] , it was not possible to achieve reasonable fits for any value of in the present study for some cases. Consequently, we searched for an additional aspect of the physical mechanism that was missing. A recent article by Vasil'ev and Gektin [20] described what appears to be this missing component of the physical processes that occur, relating to competition of Onsager attraction between electrons and holes (to form excitons) and the trapping of one of these carriers (which serves to inhibit exciton formation). The theory of Vasil'ev and Gektin was slightly recast to render the result:
where O/T stands for the Onsager and Debye-related trapping terms. Eqs. (1), (2) and (3) together are used to fit the electron response data (by replacing with ). The four fitting parameters include the Birks, Onsager and trap-induced (T) stopping power terms, and the free carrier creation efficiency term-with being held constant at 36.4 MeV/cm as previously done. Eq. (3) presumes that the trap or activator concentration is much greater than that of the carriers.
We can calculate the resolution of an electron initially having energy by assuming that all of the fluctuations along the trajectory are uncorrelated, to obtain the resolution:
The reader is referred back to our earlier papers on this topic [18] , [19] for further details on how Landau's theory of stopping power fluctuations are used to deduce the spectral resolution from Eq. (4). As discussed, the variations in the capture efficiency can be related to the fluctuations in the stopping power, conventionally referred to as "Landau fluctuations" as derived from the "Landau distribution". The use of this classic theory enabled the first means by which to relate the light yield nonproportionality curves to a predicted value of the resolution (arising from nonproportionality).
The SLYNCI has already been described [2] . We have added a thermoelectric cooler to the system in order to assess the impact of temperature on the nonproportionality curves, and a solid PMMA plastic light pipe to thermally isolate the crystals from the PMT, (all of which were on the order of cm in size). The integrating preamplifier time is sec, and the gap time of trapezoidal filter was set near the peak value atsec to accommodate the long-lived decay components of the CsI scintillators (as discussed in Refs. [21] ), and was shown to yield con- . The fit (small dotted curve) peaking to lower electron energy is for setting MeV/cm, , and MeV/cm. In contrast, the dashed curve was generated with MeV/cm (our standard value), , and MeV/cm. The solid curve that closely matches the data involves the additional trapping factor as described in Eq. (3), yielding an excellent fit.
TABLE I FITTING PARAMETERS FOR SCINTILLATORS, #1 [22]-[24]
Units are MeV/cm unless otherwise indicated as percent. sistent experimental curves for the different "peaking times". The CsI(Na) and CsI(Tl) are from Marketech International, the NaI(T1) and crystals were purchased from Saint Gobain, and the crystal is from Scionix Holland; the pure crystal had been previously grown by Dr. Lynn Boatner of Oak Ridge National Laboratory [22] .
III. RESULTS
The data in Fig. 1 illustrates the need to include the Debye-related trapping factor [ ] in the fit of the nonproportionality curves, in this case for CsI(Na) at . The parameters of the best fit solid black curve are tabulated (see Table I ). The other two fitting attempts are described in more detail in the caption, but basically entail not including the new Debye-related trapping factor in Eq. (3); they are able to fit either the high or low energy sides of the data, but not both. We have found that this new trapping concept is critical to understanding scintillator physics. Fig. 2 plots the temperature-dependent nonproportionality curves for CsI(Na), CsI(Tl) and NaI(Tl), each scintillator being studied at , , and . Examples of previous data on these scintillators can be found in Refs. [23] - [25] and agree with our data at room temperature reasonably well. That said, we recall that we have found that the nonproportionality curves for NaI(Tl) vary to a measurable extent among scintillators from different manufacturers [26] , which is interpreted as being due to different traps in the crystals; the impact of impurity-based traps is of course much more pronounced for undoped NaI where there are no activators competing to capture the carriers [27] . Table I contains the parameters from Eqs. (1)- (3) used to closely replicate the shapes of the data curves. The parameters in all cases increase as we proceed to lower temperature, shifting the curve peak to lower electron energy as seen in Fig. 2 . According to the original thinking of Birks, this term accounts for exciton-exciton annihilation or essentially the downturn in the light yield at the lowest electron energies, where the stopping power (and ionization density) are highest. [28] . The larger magnitudes of are often correlated with better predicted resolution (i.e. lower values). The predicted and literature resolutions at 662 keV [23] - [25] due to nonproportionality are listed in the bottom two rows of Table I . The measured values from the literature were deduced by removing all effects other than that of nonproportionality from the resolution (i.e. photon statistics and photodetector noise), and generally relate to the gamma (rather than electron) nonproportionality. On the other hand, the predicted contributions of nonproportionality to resolution are calculated by way of Eq. (4), essentially by summing the relative slope of the nonproportionality curve ( ) in quadrature along the electron's trajectory, see Ref. [19] . The absolute magnitude of the resolution is calculated using Landau's theory of stopping power fluctuations. In comparing the predicted versus measured resolutions at room temperature, we have (respectively): 4.9% vs. 5.5% for CsI(Na); 4.2% versus 4.4% for CsI(Tl); and 4.3% vs. 5.5% for NaI(Tl). In light of the uncertainties in the experiments from the literature and the approximations in our model, we regard this level of agreement as satisfactory and predictive in nature.
As noted above, we have kept the magnitude of constant at 36.4 MeV/cm for all materials, as done in Paper II [19] since the Onsager attraction of carriers is more fundamental than other parameters (being Coulombic in nature), and therefore less likely to change significantly with host medium or activator. With this decision we are able to better quantify the changes and trends in the other parameters. The Birks annihilation parameter, changes (in units of MeV/cm and in passing from ) as: for CsI(Tl);
for CsI(Tl); and for NaI(Tl). The Birks parameter is quite similar for all these scintillators with different activators. In contrast the electron-hole creation efficiency ( , defined as the free carriers being generated directly after the collisional cascade), only increases modestly or not at all as the temperature is reduced: 46-48%, 43-47%, and 45.3% for the aforementioned scintillators and same temperature ranges respectively. An interesting trend is the increase in the value of the trapping parameter, , for this temperature series: (again in MeV/cm and in passing from ): for CsI(Tl);
for CsI(Tl); and for NaI(Tl). The summary of these observations is that both and exhibit significant increases at lower temperature, while is less sensitive. Now we turn our attention to the nonproportionality data in Fig. 3 , which includes , , and undoped . These fitting parameters are listed in Table II . Prior studies of light yield curves and resolution are in Refs. [29] - [33] , where in agreement, is found to be less proportional than . As is apparent from the data, the temperature-induced changes for these scintillators are much smaller than the alkali halides. However, we do note that the Birks annihilation parameters are found to increase measurably to lower temperature for all three of these scintillators. There are however several observations worth noting:
• has much larger creation efficiency than doped with 5% (34.5% vs. 18%) • exhibits much more trapping than , (perhaps because the ions themselves are the traps, see below)
• The higher values of are largely responsible for the favorable resolution experienced by the this scintillator • Undoped has e/h creation efficiencies that are comparable to the alkali halides, but with much higher levels of Birks-type exciton annihilation, possibly due to the absence of an intentionally added activator • is the only scintillator amongst the six materials studied in this paper for which the trend in the values is reversed (i.e. at exhibits the highest "peak" as is seen from the data in Fig. 3 ). In the next section, we will attempt to explain our observations in terms of the possible mechanisms involved.
Lastly, we offer an assessment in the error of the data and the derived parameters. The statistical noise in the data is best deduced by way of the observed the fluctuations about the fitted model, which appears as a smooth curve through the average of the data-yielding 0.5% uncertainty. The error in the fitted parameters is about 5 MeV/cm for , 0.5% for , and 1 MeV/cm for .
IV. DISCUSSION
We have found that the temperature dependence of scintillator nonproportionality serves as an aid in deciphering the basic physical mechanisms of scintillation. That said, the phenomena involved in scintillation present an enormous challenge to comprehensively understand. Recent papers have modeled phenomena such as activator wavefunction and level position [17] , impact and propagation of hot carriers [12] , [13] , [15] , stochastic hopping transport [16] , cascade dynamics [14] , trapping effects [34] , [35] , polaron formation [36] , and free carrier mobilities [37] . Within the last few years, extremely informative laser experiments have also been performed to mimic the varying ionization density along the electron track, the results of which have been interpreted as arising from a mixture of second and third order annihilation processes [13] . All of these studies offer clues, while the comprehensive understanding of scintillation is more elusive.
One consistent observation from the present work is that the Birks parameter, considered to quantitatively describe the effect of carriers annihilating prior to reaching and exciting the Fig. 3 . Relative light yield as a function of electron energy, as recorded for (5% Ce), and undoped . The dotted, solid and dashed blue curves are the data obtained for , , and , while the smooth black dashed curves are the fits to the model. For , the and curves overlay each other; for and , the modeled curves with the highest light yields correspond to the lowest temperature. For undoped , the trend in exhibiting a higher "bump" at lower temperature is reversed compared to the other scintillators, being most prominent at for this crystal. Notice that the abscissa for is expanded.
activator, appears to consistently increase (resulting in less annihilation) at reduced temperatures. From this observation, we [32] Units are MeV/cm unless otherwise indicated as percent.
can suggest that there are relevant pathways for transport of carriers that involve thermal activation (e.g. hopping transport). In other words, the trends in the Birks parameters in Tables I and  II support the assertion that the transport is significantly thermally-activated in nature, as would be the case for self-trapped excitons and carriers. Ref. [38] offers a general reference on the properties of excitons in solids.
Another related observation is that the trap quenching parameter also increases with reduced temperature, which likely means that the traps that compete with Onsager-type exciton formation become more effective at lower temperature-as one would expect for the case of them being shallow, (i.e. having a depth on the order of kT). Both the Birks and Onsager ( ) processes involved hindered carrier transport at lower temperature leading to less annihilation and increased carrier trapping, respectively. We interpret this observation as indicating that both of these processes are thermally activated to a measurable extent.
One question that arises relates to the nature of the shallow traps, which can take a variety of forms. Possibilities include the native defects of the host (i.e. anion vacancies), or for the case of , the activator ions themselves-especially since they can capture both holes and electrons (yielding and respectively). The significant magnitude of the trapping factor in can be contrasted with the value of zero fitted for . The absence of trapping in may help explain why the introduction of aliovalent ions has had the profound impact of achieving the breakthrough resolution of 2.0% at 662 keV [33] , primarily by moderating Birks annihilation of carriers by trapping them for a short period of time (and then releasing them), thereby mitigating the peak exciton population that is realized. Similarly, Cherepy et al. found that the nonproportionality curves of garnet ceramics were remarkably sensitive to the atmospheres using in the processing, again a strong indication that the traps play a crucial role in scintillator physics. [39] The similarities between the nonproportionality curves obtained for Na-and Tl-doped CsI speak to the prominent influence that the host medium has on determining the scintillator physics. Their strong temperature dependence is due to the reduced Birks quenching and the increased trapping with reduced temperature as mentioned above. On the other hand, the minimal impact of temperature for NaI(Tl) can possibly be accounted for by the predominance of deeper traps ( ) for ]. Not shown is the phenomenon of temporarily holding free electrons in shallow traps before being released again to form excitons with self-trapped holes.
the NaI host, and the expected insensitivity to temperature. The existence of strong room temperature quenching of the emission for undoped NaI and CsI suggest that the excitons nonradiatively decay if they are not able to transfer their energy to activators in a short period of time. [27] , [40] , [41] In contrast, the strong room temperature scintillation of materials such as undoped and indicates that the excitons are emissive at room temperature for these crystals. [22] , [32] , [42] Undoped seems to exhibit behavior opposite to that of the other scintillators, with the electron-hole creation efficiency falling with lower temperature, while the other materials studied in this work either exhibit no effect on this parameter or have an increase. We can speculate that the absence of activators to capture the holes and electrons may enable more carriers to remain "free" at higher temperature since they are less likely to be captured in traps or perhaps by avoiding self-trapping. Alternatively, increased de-trapping from shallow intrinsic defects might also lead to more free carriers at higher temperature. Fig. 4 below contains a summary of the aforementioned mechanisms, where the particular parameters used in our fits are noted on the diagram. In our last paper [19] , Fig. 4 simply contained a reference to the impact of traps without any quantitative treatment in our model. Herein, we have explicitly included a model of trapping by the Debye-related treatment of Vasil'ev and Gektin [20] . In our simplified model the annihilation of both free and self-trapped excitons are accounted for in a single "lumped" Birks parameter, while linear nonradiative processes (other than deactivation from traps) are similarly grouped into a single parameter. Ultimately, to completely model scintillation, the properties of each type of carrier (electrons, holes, excitons, as well as the self-trapped polaronic versions of each of these) would need to be adequately understood and accounted for. It would be necessary to formulate a quantitative picture of the dipole-dipole nature of exciton-exciton annihilation and have knowledge of the carrier traps and their energetic depths. Moreover, the capture cross sections of activators and traps would need to be known. The precise nature of the cascade, proceeding through a variety of phenomena such as core and valence shell scattering to liberate additional electrons and the formation of plasmons, would have to be considered [14] . Further, the electrons and holes would be initially formed such that they are 'hot", meaning that their energies are a few eV above the band edges, and then require that their "cooling" be accomplished by emitting low energy phonons (rather than by way of electron scattering as occurs at higher energies) [12] . In any case, the present paper attempts to identify the crucial physics issues, by aggregating these microscopic processes within a manageable number of fitting parameters.
V. SUMMARY AND CONCLUSIONS
In summary, we have acquired the temperature dependence of six representative scintillators over a span of
. We develop a model to fit the data on the basis of four parameters accounting for the carrier dynamics: Onsager attraction, Debye-mediated trapping, Birks annihilation, and allowing for a fraction of the electrons and holes to be "born" as excitons after the cascade. While the Onsager attraction is held constant across all scintillators (as in our paper II), trends in the Birks and trapping parameters (particularly for the alkali halides) are evidenced and are thought to be due to activated carrier transport and thermally-induced de-trapping respectively. Various additional observations are made among the scintillators including the lack of trapping in as contrasted with the significant trapping observed in , with both having rather weak temperature dependences. Undoped has been studied as a case of a host without activators, where the temperature trend was found to be the opposite of the other scintillators. This experimental data has served to refine our model of scintillator physics, and to calculate the predicted contributions of nonproportionality to resolution.
